Systemic administration of cholecystokinin (CCK) fragments produces anxiogenic effects. The dorsal periaqueductal gray (dPAG) has been related to anxiety and panic reactions. The objective of this study was to investigate a possible anxiogenic effect of CCK-8 microinjected into the dPAG. At 10 min after the last microinjection (0.5 ml) into the dPAG male Wistar rats (N ¼ 7-17) were tested in the elevated plus-maze, an animal model of anxiety. The following treatments were tested alone or in combination: sulfated CCK-8 (CCK-8s, 0.5-1 mg), PD 135,158 (N-methyl-D-glucamine, 0.1 mg), a CCK-2 receptor antagonist, lorglumide (0.1-0.3 mg), a CCK-1 receptor antagonist. In addition, Fos immunohistochemistry was performed in rats (n ¼ 3-4) treated with CCK-8s (1 mg) alone or in combination with PD 135,158 (0.1 mg). CCK-8s produced anxiogenic-like effect, decreasing the percentage of time spent in open arm (saline ¼ 30.3 7 6.6, CCK 0.5 mg ¼ 15.2 7 1.8; CCK 1 mg ¼ 14.6 7 2.1). This effect was prevented by pretreatment with PD 135,158, but not by lorglumide. CCK-8s injected into the dPAG induced Fos immunoreactivity in several brain areas related to defensive behavior, including the PAG, median, and dorsal raphe nuclei, superior colliculus, lateral septal nuclei, medial hypothalamus, and medial amygdala. This effect was also prevented by pretreatment with PD 135,158. These results suggest that CCK-8s, acting on CCK-2 receptors, may modulate anxiety reactions in the dPAG.
INTRODUCTION
The midbrain dorsal periaqueductal gray (dPAG) matter is a key structure in the control of defensive behaviors (Behbehani, 1995) . Several neurotransmitters have been shown to modulate neuronal activity in this region. For example, injection into the dPAG of drugs that facilitate GABAergic or serotonergic neurotransmission attenuates the aversive consequences of dPAG electrical stimulation and produces anxiolytic-like effects in the elevated plus-maze (EPM, Russo et al, 1993; Lovick, 2000) . Similar effects were produced by glutamate antagonists (Guimarães et al, 1991) .
Neuropeptides may also modulate defensive responses in the PAG (Behbehani, 1995) . Cholecystokinin (CCK) is one of the most widespread peptide system in the brain. It is involved in many brain physiological or pathological conditions, including anxiety, panic, and depression (Guimarães et al, 1992; Hernandez-Gomez et al, 2002; Bradwejn et al, 1992 Bradwejn et al, , 1994 Rehfeld, 2000) . CCK-immunoreactive fibers and a high concentration of CCK exist in the PAG (De Belleroche et al, 1990; Liu et al, 1994) . Aversive stimuli such as restraint, social isolation, or exposure to the smell of a predator increase CCK levels and/or expression in the PAG and limbic regions such as the amygdala and hippocampus (Del Bel and Guimarães, 1997; Pavlasevic et al, 1993; Rosen et al, 1992) . Systemic injection of CCK agonists or antagonists produces anxiogenic or anxiolytic effects, respectively (Griebel et al, 1997 , Hernandez-Gomez et al, 2002 . These effects may involve the dPAG since systemic administration of anxiogenic compounds, including the CCK analogue BOC-CCK4, induces Fos immunoreactivity in the dPAG (Singewald and Sharp, 2000) . Moreover, intra-dPAG injection of CCK-8s was reported to be anxiogenic in the EPM (Guimarães et al, 1992) . The objective of the present work was to investigate the anxiogenic effects of CCK in the dPAG. We tested the hypothesis that these effects are mediated by CCK-2 receptors. Moreover, we used the expression of the immediate-early gene Fos as a marker of neuron functional activity (Morgan and Curran, 1995) to detect brain areas stimulated by CCK-8s injection into the dPAG.
MATERIALS AND METHODS

Subjects
Male Wistar rats (200-250 g) were housed in pairs with free access to food and water in a temperature controlled room (23 7 11C) with a 12 h light, 12 h dark cycle (lights on at 0600). The experiments were carried out according to the Brazilian Society of Neuroscience and Behavior guidelines for care and use of Laboratory animals, and all efforts were made to minimize animal suffering.
Elevated plus-maze
The wood plus-shaped maze consisted of two open and two enclosed arms of equal length and width (50 Â 10 cm). The enclosed arms had 40 cm high wooden walls while a 1-cm high edge made of Plexiglas surrounded the open arms to prevent falls.
The experiment was carried out in a sound attenuated, temperature-controlled (23 7 11C) room. The environment was illuminated by two 40 W fluorescent lights placed 1.3 m away from the EPM.
Drugs
All drugs were dissolved in sterile isotonic saline. The doses of sulfated CCK octapeptide (CCK-8s, RBI, USA) were chosen based on previous work by our group (Guimarães et al, 1992) . The doses employed for N-methyl-D-glucamine (PD 135,158, RBI, USA) and lorglumide (RBI, USA), potent and selective CCK-2 and CCK-1 receptor antagonists, respectively (Herranz, 2003) , were based on the literature (Costall et al, 1991 , Griebel et al, 1997 .
Surgery
Rats were anesthetized with 2.5%. 2,2,2,-tribromoethanol (10 ml/kg, i.p.) and fixed in a stereotaxic frame to implant a stainless-steel guide cannula (0.7 mm, OD) into the dPAG (coordinates: AP: interaural 1.2 mm, lateral: 1.9 mm at an angle of 161 with the sagital plane). The guide cannula was introduced until its tip was 4.1 mm below the surface of the skull. The cannula was attached to the bone with stainlesssteel screws and acrylic cement. An obturator inside the guide cannulae prevented obstruction.
Behavioral Studies
Intracerebral injections were performed with a thin dental needle (0.3 mm, OD) introduced through the guide cannula until its tip was 1 mm below the cannula end. A volume of 0.5 ml was injected during 30 s using an infusion pump (KdScientific). The movement of an air bubble inside the PE 10 polyethylene tubing connecting the pump with the dental needle confirmed drug flow. At 10 min after the last microinjection the rat was placed in the centre of the plus-maze facing an enclosed arm. The session was videotaped and analyzed later with the help of Ethovision (Version 1.9, Noldus, Netherlands) software. The program detects the position of the animal in the maze and calculates the number of entries and time spent in open and enclosed arms. For these calculations a 6-cm large 'exclusion' zone was added between the center of the maze and each arm so that most of the animal's body should be in the open or enclosed arm to an entry to be registered. Each session lasted for 5 min and after each trial the maze was cleaned with an alcohol solution.
The experiments took place 7 days after the surgery. Three experiments were performed.
Experiment 1: Animals received intra-dPAG injection of saline (n ¼ 9), CCK-8s 0.5 mg (n ¼ 11), or 1 mg (n ¼ 12), and were tested in the EPM 10 min later.
Experiment 2: The animals received a first microinjection into the dPAG of either saline (n ¼ 11-12) or PD 135,158 (0.1 mg, n ¼ 11-14) followed, 5 min later, by a second microinjection of saline or CCK-8s 1 mg.
Experiment 3: It was similar to experiment 3, except that the animals were pretreated with saline (n ¼ 14-17) or lorglumide (0.1 or 0.3 mg, n ¼ 7-14) before saline or CCK-8s administration.
Histological Control
After the behavioral tests the animals were killed under deep anesthesia and their brains perfused through the left ventricle of the heart with isotonic saline followed by 10% formalin solution. After that 0.2 ml of Fast green (1%) was injected through the guide cannula and the brains were removed. Following a minimum period of 3 days immersed in a 10% formalin solution, frozen sections of 50 mm were obtained in a cryostat (Cryocut, 1800). The injection sites were localized in diagrams from the Paxinos and Watson's (1987) rat brain atlas. No distinction was made between dorsomedial and dorsolateral PAG. Animals receiving microinjections outside the dPAG were excluded from analysis. Since most of these animals received their microinjection into the superior colliculus, they were compared in a separated analysis.
Fos Immunohistochemistry
Two experiments were performed. In experiment 1 animals received microinjection into the dPAG of saline (0.5 ml, n ¼ 4), CCK-8s (1 mg, n ¼ 4) or were left undisturbed in their home cages (naive, n ¼ 3). In the second experiment animals (n ¼ 2-4/group) received a first microinjection of saline (0.5 ml) or PD 135,158 (0.1 mg) followed, 5 min later, by a second microinjection of saline or CCK-8s (1 mg). At 2 h after the last injection the animals were anesthetized with an overdose of urethane and perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH ¼ 7.4). Brains were removed and postfixed over 2 h in paraformaldehyde and stored for at least 48 h in 30% sucrose for cryoprotection. Transverse sections (40 mm) were obtained in a cryostat and processed for Fos immunohistochemistry (Silveira et al, 1994) . Tissue sections were washed and incubated overnight at room temperature with rabbit IgG (1/10.000 into PBS, sc-52, Santa Cruz), which was raised against an amino-acid sequence of the Nterminal region of the peptide and specifically recognizes Fos. Sections were then processed by the avidin-biotin immunoperoxidase method (Vectastain ABC kit, Vector Lab, Burlingame, CA, USA). Fos immunoreactivity (FIr) was revealed by the addition of the chromogen diaminobenzidin (Sigma) and visualized as a brown reaction product inside neuronal nuclei.
The number of Fos-positive nuclei was counted from a fixed area in regions selected from previous studies (De Oliveira et al, 2000, Lino-de-Oliveira et al, 2001) using a computerized image analysis system (Image-Pro Plus). For bilateral structures the mean value between each side was analyzed. The system was calibrated to ignore background staining. Darker objects with areas between 10 and 80 mm 2 were identified as Fos-positive neurons as described by Lino-de-Oliveira et al (2001 
Statistical Analysis
The percentages of open arm entries (100 Â open/total entries) and of time spent on the open arms (100 Â open/ open+enclosed) were calculated for each rat. The behavioral and Fos data were analyzed by t-test or one-way analysis of variance (ANOVA) followed by the Duncan test for multiple comparisons.
RESULTS
Behavioral Experiments
A diagram showing representative injection sites can be seen in Figure 1 . (1 mg) microinjected into the dorsal periaqueductal gray of rats (n ¼ 11-15/group). Animals received a first microinjection of either PD or saline (0.5 ml) followed, 5 min later, by a second microinjection of saline or CCK-8s. *Significant difference from saline-saline group (ANOVA followed by the Duncan test, po0.05). Further specifications as in Figure 2 . Figure 5 Effect in the EPM of lorglumide (L, 0.1 or 0.3 mg) on the anxiogenic effect induced by CCK-8s (1 mg) microinjected into the dorsal periaqueductal gray of rats (n ¼ 7-17/group). Animals received a first microinjection of either lorglumide or saline (Sal, 0.5 ml) followed, 5 min later, by a second microinjection of saline or CCK-8s. *Significant difference from saline-saline group (ANOVA followed by the Duncan test, po0.05). In the piriform cortex, CA1, LSi, AntH, and LH the saline group was also different from naive animals (Duncan, po0.05).
Fos Immunohistochemistry
Experiment 2: Results are in Table 2 . Rats treated with saline-CCK-8s had greater FIr cells, as compared to saline-saline and PD 135,158 treated animals, in the LH (F(3,8) 
DISCUSSION
The EPM is a widely employed animal model of anxiety (File, 1992) . Rodents usually avoid the open arms of this apparatus, most likely because they cannot engage in thigmotaxic behavior (Treit et al, 1993) . CCK-8s decreased the percentage of time spent in the open arms, without changing the number of enclosed arm entries. The results suggest an anxiogenic effect (File, 1992) and are similar to those previously described by Guimarães et al (1992) . Strengthening the role of the dPAG in this result, injections of CCK-8s into the superior colliculus had no effect.
The two doses of CCK-8s employed had similar effects, suggesting that a maximum effect in the dPAG was reached. This neuropeptide acts as a full agonist at both CCKreceptor subtypes (Fink et al, 1998) . The anxiogenic effect of CCK-8s was completely prevented by pretreatment with PD 135,158, a CCK-2 receptor antagonist. Similar effects have been reported after i.c.v. administration of CCK-8s (Hernandez-Gomez et al, 2002) . CCK-2 receptors are abundantly expressed in the brain and are present in the PAG (Mercer et al, 1996) . Pharmacological studies suggest that they modulate anxiety reactions (Rehfeld, 2000) . For example, CCK-4, a CCK-2 full agonist, induces panic symptoms in Figure 6 Photomicrographs showing Fos immunoreactive neurons in the dorsolateral (dl), dorsomedial (dm), or lateral (l) periaqueductal gray (PAG) of rats that received microinjections into the dPAG of saline (0.5 ml) or CCK-8s (1 mg). Naive rat was left undisturbed in their home. Bar ¼ 100 mm.
humans and anxiety-like behavior in rodents (Rehfeld, 2000) .
Lorglumide pretreatment did not prevent the anxiogenic effect of CCK-8s. This drug is a selective and potent CCK-1 receptor antagonist (Herranz, 2003) . The doses used were similar or higher than the one used with PD 135,158. However, pharmacological studies using systemic or i.c.v. administration of these compounds show that the active doses to antagonize CCK-1 or CCK-2 receptors, respectively, are similar (Felicio et al, 2001; Suh et al, 1995) . Also, a lower dose of lorglumide was able to prevent CCK-1-mediated effect of a CCK agonist on tail flick responses after i.c.v. administration (Suh et al, 1996) . Therefore, CCK-1 receptors are probably not involved in the anxiogenic effect of intra-dPAG administration of CCK-8s.
PD 135,158 administered alone had no effect in the EPM. This suggests that CCK-2-mediated neurotransmission in the dPAG does not play a significant role on anxiety induced by EPM exposure. This does not exclude the involvement of these receptors in anxiety modulation under more stressful conditions. For example, CCK-2 antagonism was able to decrease the anxiogenic effect of a cat exposure in rats tested in the EPM (Adamec et al, 1997) . This could be related to the increased brain expression of CCK (Del Bel and Guimarães, 1997; Pavlasevic et al, 1993; Rosen et al, 1992) and CCK-2 mRNA (Wang et al, 2003) found after exposure to stressful conditions. It was proposed that, under these conditions, CCK could sensitize the PAG, facilitating depolarization of PAG neurons by glutamate excitatory inputs (Behbehani, 1995) . Administration of CCK-8s into the dPAG induced Fos expression in several brain regions related to defensive behaviors (for a review, see Sewards and Sewards, 2002) . However, the significant differences between saline-treated and naive animals showed that the injection procedure was also able to activate several of these regions. More consistent effects were found in midbrain structures such as the PAG itself, raphe nuclei, and superior colliculus, and in the lateral septal nuclei, medial amygdala, medial hypothalamus, paraventricular hypothalamus, and the paraventricular thalamic nucleus. All these areas are connected, directly or indirectly, to the dPAG (Shipley et al, 1991; Beitz, 1995) . They are proposed to be part of a fear and powerdominance neural representation system that is activated by several threatening or stressful stimuli (Silveira et al, 1994; Canteras and Goto, 1999; Lino-de-Oliveira et al, 2001; Dilenberg and McGregor, 2001; Sewards and Sewards, 2002) . In addition, the paraventricular thalamic nucleus has recently been implicated in the regulation of hypothalamic-pituitary-adrenal function through a CCK-mediated pathway recruited by chronic stress (Bhatnagar et al, 2000) .
Similar to the behavioral data, pretreatment with PD 135,158 prevented the effect of CCK-8s on Fos expression. This reinforces the role of CCK-2 receptors on the effects induced by CCK-8s administration into the dPAG.
In conclusion, our data indicate that CCK-8s, acting on CCK-2 receptors, can modulate anxiety-like behaviors in the dPAG.
